The Cys4-Zn structural motif comprises a pair of CxxC sequences the cysteines of which together coordinate one zinc ion in tetrahedral geometry. The first CxxC member forms a loop and the second initiates a helix. The sequence between the CxxC pairs varies in length and function. The -metal fold comprising the catalytic site of HNH-endonucleases is frequently embedded within a Cys4-Zn motif signifying a close evolutionary relationship between these two structural elements. Panel L: Structural alignment of a single subunit of PacI (colored cyan; the -metal catalytic motif is colored dark green) with the C-terminal zinc finger from the murine GATA3 transcription factor (PDB ID code 3DFX).
Figure S4, related to Figure 4.
The DNA bend parameters for the PacI-bound DNA target were calculated using the conformational analysis program suite 3DNA 11 .
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Identification and characterization of the pacIR gene
Pseudomonas alcaligenes (strain NEB 585) was isolated on LB agar from a Louisiana bayou water sample. Endonuclease activity was detected in crude cell lysates, purified by column chromatography, and shown by restriction-site mapping and analysis to recognize the sequence 5'-TTAAT/TAA-3' in dsDNA and to generate cleaved product fragments with 2-base, 3'-overhangs ('/' indicates the position of cleavage). SDS-PAGE analysis of homogeneous PacI indicated the protein had a molecular mass of approximately 16 kDa. The N-terminal amino acid sequence was found by Edman degradation to be MTQCPRCQRNLAADEFYAGSSKM. Degenerate oligonucleotide primers were designed to amplify a 56-bp section of this sequence, using P. alcaligenes genomic DNA as template. The forward primer (5'-ATG ACN CAR TGY CC) corresponded to residues 1-5 (MTQCP), the reverse primer (5'-CC NGC RTA RAA YTC) to residues 15-19 (EFAG). The resulting 56-bp amplicon was analyzed to determine the sequence encoding amino acids 6-14 between the two degenerate primers. This unambiguous sequence was then used to design non-degenerate primers (sense-strand: 5'-GTT GGA TCC AAT CTC GCA GCT GAC GA; anti-sense strand: 5'-GTT CTG CAG TTG CGC TGG CAC CTT GG) for inverse PCR using P.alcaligenes DNA cut with PstI, ApoI or EaeI and self-ligated at 1 µg/ml to form circular templates. Amplicons recovered from these reactions were analyzed, yielding the sequence of the entire pacIR gene and approximately 1800 bp on the 5' side and 1000 bp on 3' side. The complete gene was then amplified by PCR and ligated into plasmids pRRS (PstI to BamHI) or pAII17 (NdeI to SalI) and transformed into E. coli. Individual transformants were inoculated into 30 mL LB containing 100 µg/mL ampicillin and grown overnight (pRRS) or to late log (pAII17) then induced with 0.3 mM IPTG. PacI endonuclease activity was detected from both constructs. However when these clones were grown on a larger scale (1L), they failed to produce PacI, suggesting that the gene was toxic in E. coli, probably due to the lack of protective methylation.
No accompanying DNA-methyltransferase gene was found within DNA flanking the pacIR gene, and subsequent experimentation suggested that such a gene might not exist (R. Vaisvila and E. Raleigh, personal communication). The G+C content of Pseudomonas species are relatively high-60.5% to 66.6% among those whose genomes have been sequenced-which translates into a PacI site frequency on average of roughly one site per 0.5 Mb to1.5 Mb. The P. alcaligenes genome has not been sequenced, but strains of P. fluorecens and P. aeruginosa have, and these possess only 10 or so PacI sites each. In view of this we consider it likely that P. alcaligenes has few PacI sites or none at all, and thus is able tolerate the presence of the endonuclease without the need for a protective DNA modification. In this respect, PacI is more similar to homing endonucleases, which likewise do not require a companion methyltransferase, than it is to typical restriction endonucleases, which do. To test whether PacI is nevertheless sensitive to modification of its recognition sequence, complementary pairs of oligonucleotides were synthesized containing PacI sites in which one or other of the adenine residues was replaced by N6-methyladenine. The oligonucleotides were 5' end-labeled with 33 P, annealed, incubated with PacI, and analyzed by gel electrophoresis and autoradiography. Oligonucleotides methylated at the 1 st , 2 nd and 4 th adenines in each strand (i.e. TTmAATTAA, TTAmATTAA, and TTAATTAmA) were cleaved by PacI indicating that modification at these positions does not inhibit endonuclease activity (data not shown). The oligonucleotide methylated at the 3 rd adenine (i.e. TTAATTmAA) was not cleaved by PacI, however, indicating that PacI is sensitive to modification at this position, and that a DNA methyltransferase capable of methylating in this way, if one existed, would make an effective restriction-modification partner for this endonuclease. We know of no such enzyme, nor of a MTases with overlapping specificity that might substitute. Thus, methylation with M.MseI (TTAA) or with M.Tsp509I (AATT) both fail to protect PacI sites from cleavage. Since E. coli genomes contain over 100 PacI sites, we were obliged to overexpress PacI in its natural host instead. The pacIR gene was amplified by PCR and ligated (XhoI and HindIII) into a broad host-range vector derived from the Pseudomonas plasmid pVS1
1 . The ligated DNA was transformed into Pseudomonas alcaligenes, and Amp R colonies were screened for the pacIR insert and sequenced. PacI endonuclease was overexpressed approximately 48-fold compared to the native strain.
PacI Expression and Purification P. alcaligenes cells over expressing PacI were grown in 100L rich broth (10g/L casein tryptone, 5 g/L yeast extract and 5g/L NaCl) and harvested by continuous flow centrifugation. 878 grams of the resulting cell paste were resuspended in 2.6 L of 100 mM NaCl, 20 mM KPO 4 pH 7.0, 0.5 mM EDTA, 7 mM -mercaptoethanol, 5% glycerol, and the cells were disrupted by two passes through a Gaulin press at 12,000 psi. Cell debris was removed by centrifugation. The supernatant was loaded onto a 400 ml S Sepharose Fast Flow column (GE Healthcare, Sweden) and eluted with an increasing gradient of NaCl in the same buffer. Active fractions eluted at approximately 400 mM. These were pooled, diluted to 100 mM NaCl, loaded onto a 280 ml Heparin Hyper-D column (Pall Biosepra, France) and eluted with the same NaCl gradient. Active fractions eluted at approximately 400 mM. These were pooled, dialyzed against 50 mM NaCl, 20 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 7 mM -mercaptoethanol, 5% glycerol, loaded onto a 22 ml Source 15Q column (GE Healthcare, Sweden) and eluted again with an NaCl gradient. Active fractions eluted at 200 mM. Pooled fractions were dialyzed once more into 50 mM NaCl, 20 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 7 mM -mercaptoethanol, 5% glycerol and applied to a Heparin TSK column (Toso Bioscience, Japan). Fractions were eluted with a NaCl gradient as before. PacI activity eluted at 200 mM. Fractions were pooled yielding 57 mg of pure PacI in a final volume of 6 ml. This was dialyzed into 50% glycerol, 50 mM KCl, 10 mM Tris-HCl, pH 7.4, 1 mM DTT, and frozen at -70°C. Enzyme specific activity was determined to be 600,000 units/mg.
PacI mutagenesis and endonuclease assays
Selected amino acids of PacI were changed by two rounds of PCR using oligonucleotide primers (Integrated DNA Technologies). A plasmid carrying the wild-type pacIR gene served as the template in the first round of PCR. In separate reactions each using 20 ng of native plasmid DNA, an N-terminalencoding segment of pacIR was amplified using a forward primer comprising a ribosome binding site and the start of the pacIR gene, and a reverse mutagenic primer containing the (complement of the) mutant codon. The remaining C-terminal-encoding segment of pacIR was amplified using a forward mutagenic primer containing the mutant codon and a reverse primer comprising the end of the pacIR gene and the natural stop codon. (the forward and reverse mutagenic primers overlapped by 35 nt to facilitate their annealing during the second round of PCR.) The products from the first round of PCR were gel-purified (Zymo Research), diluted 50-fold to 0.6 µg /ml, and 1 µl of each was combined to form the template for the second round of PCR. This was carried out using a universal forward primer comprising the T7 promoter and the ribosome binding site, and the same reverse primer used previously to amplify the C-terminal-encoding fragment. The recombined PCR product from the second round was purified by spin column (Qiagen) to yield 1.5 µg of the mutated gene in 50 µl. In separate PCR reactions the following mutants were constructed: Asn 32 to Ala, Thr, Leu and Asp; Asn 36 to Ala, Thr, Leu and Asp; Lys 39 to Ala and Met; His 42 to Ala; Asp 92 to Ala and Leu; Arg 93 to Lys, Ala and Met; Tyr 100 to Phe; and Asn 113 to Ala and Leu. Each of these mutant genes was expressed in vitro using the PURExpress™ transcription/translation system (New England Biolabs, Ipswich, MA). For each reaction, 1 µl of purified PCR fragment (30 ng) was combined with 12.5 µl solution A, 5 µl solution B, 0.5 µl RNase inhibitor and 6 µl water. The reactions were incubated at 37°C for 2 h and then assayed for PacI endonuclease activity. Aliquots (from 1 µl and 8 µl) were serially diluted (in 2-fold to 5-fold steps) into 25 µl reactions containing 0.5 µg substrate DNA in 1X NEBuffer 4 (20 mM Tris-Acetate, 10 mM magnesium acetate, 50 mM potassium acetate, 1mM DTT, pH 7.9). The digestions were incubated at 37°C for 1 h. 8 µl aliquots were then mixed with 3 µl DNA Release-loading dye mix (Finnzymes, Espoo, Finland), electrophoresed in 1% agarose gels containing 0.5 µg /ml ethidium bromide, and visualized under ultraviolet light.
Crystallography.
For long term storage, samples of PacI were stored at -80 o C in 20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA containing 50% glycerol. Single strand DNA oligos containing the 5' TTAATTAA 3' target site, with a variety of additional nucleotides on either end, were ordered from IDT Inc. and resuspended in 10 mM Tris-HCl, 0.5 mM EDTA to a final concentration of 2 mM. Equal volumes of top and bottom strand DNA were mixed and heated to 95° C , followed by slow cooling to 4°C overnight. The annealed DNA duplexes were stored at -80° C until use. Prior to crystallization experiments, the protein was dialyzed against the same storage buffer with 5% glycerol. Initially, various PacI-DNA complexes at final protein concentration of 5 mg/ml and a protein/DNA molar ratio of 1 to 1.2, in the presence of 10 mM MgCl 2 or 2 mM CaCl 2 , were screened against INDEX Screen from Hampton Research using a Mosquito TTC crystallization robot and MRC crystallization plates (Molecular Dimensions). Several oligonucleotide combinations of varying length yielded crystals of different morphology from a number of conditions. After preliminary diffraction analyses, crystals of the PacI-DNA complex containing an 18 base pair blunt-end oligonucleotide duplex (containing a top strand corresponding to the DNA sequence 5' -GAGGCTTAATTAAGCCGC -3', and a complementary bottom strand) were selected for optimization. The underlined bases, at positions +/-8, correspond to the deliberate inclusion of a single base pair in each half-site that breaks palindromic symmetry, in order to inhibit hairpin formation and promote the generation of full-length duplex. Single crystals of PacI-DNA complex for data collection were grown by vapor diffusion using the hanging-drop method against a reservoir containing 18 to 22% polyethylene glycol 3000 (PEG3K) 100 mM sodium citrate, pH 5.5 and 10 mM MgCl 2 . Using this protocol, protein-DNA crystals grew in three different space groups with distinct morphologies under identical conditions (sometimes in the same drop) in the presence of either CaCl 2 or MgCl 2 . Crystals belonging to the C222 1 space group, exhibiting unit cell dimensions of approximately 38Å x 115Å x 114Å, diffracted to the highest resolution with a corresponding minimal mosaicity, and were therefore selected for detailed structural studies. An analysis of the solvent content for these crystals, relying upon calculation of possible Matthews coefficients (Vm) suggested that the contents of the asymmetric unit in this space group corresponded to one polypeptide plus 9 base pairs of DNA (i.e. a single protein subunit bound to a DNA half-site per asymmetric unit). Because the DNA duplex contained a single base pair difference between the left and right half-sites (at positions +/-8, outside the cognate recognition site for the enzyme) as described above, the DNA appears to be present in a 50/50 mixture of two orientations in the crystal (resulting in a corresponding mixture of G:C and A:T base pairs at positions +/-8, but an otherwise homogeneous population at all other positions in the DNA duplex). For screening of heavy atom derivatives, crystals were soaked against 2-10 mM of various heavy atom compounds in artificial mother liquor for up to 24 hours. Eventually, five heavy-atom data sets, including two different PtCl 4 soaks, and one each of HgCN 2 , PIP and WO 4 were used for phase determination by MIR using SOLVE/RESOLVE. All datasets were collected on crystals grown in the presence of magnesium; the resulting experimental density clearly indicated the presence of a protein/DNA complex containing cleaved product strands. All data were collected under cryo-cooled conditions at 100 °K. The crystals were flash-frozen from an artificial mother liquor augmented with 25% ethylene glycol. A Cu-K rotating anode X-ray source equipped with a Saturn CCD detector (Rigaku) was used for the collection of a native data set (to 2.6 Å resolution) and for the screening of heavy atom derivatives as well as for the collection of final heavy atom derivative data sets for MIR phase determination. A single wavelength anomalous data set (to 1.9 Å resolution) of a partially occupied platinum derivative was also collected at the dispersive maximum of platinum using an inverse beam geometry at beamline 5.0.2 of the Advanced Light Source (ALS) using a four-panel ADSC CCD area detector. A fluorescence scan of the above PtCl 4 soaked crystal showed a sharp peak at the theoretical adsorption edge of Pt (11.56Kev). Subsequently, a second 1.9 Å resolution dataset of the protein in the presence of calcium (corresponding to the uncleaved substrate complex) was also collected and refined. All data were processed and scaled using the DENZO/SCALEPACK (HKL2000) program package 2 . The programs SHELXCDED/HKL2MAP 3 and SOLVE/RESOLVE 4 were used for phase determination and generation of initial electron density map. Refmac5 in the CCP4 program suit 5 and CCP4i were used for refinements . The graphic package COOT 6 was used for model building . All figures were generated with PYMOL 7 . Programs SCALEPACK (HKL2000) and PHENIX.XTRIAGE 8 suggested the presence of moderate/strong anomalous signals in the SAD Pt data set. Initial analysis using Shelxcde and hkl2map showed high CCall/PATFOM values of 40/48 and a large separation in the Contrast vs. Cycle curves between the original and inverted hands of the heavy atom coordinates. An electron density map calculated from the original SAD heavy atom coordinates showed definitive DNA base pairs and good connectivity. However, the overall map was nonetheless noisy and proved challenging for unambiguous placement of protein side chains. We therefore increased both soaking time and concentration of heavy atom compounds and collected four additional heavy atom data sets, using Cu-K energy source, including a second platinum data set and one each of HgCN 2 , PIP, and WO 4 data set (see Table 1 for statistics of data collection). All together, a total of 6 data sets were submitted to SOLVE/RESOLVE for phase determination and automatic model building. SOLVE gave a Z score of 47 with three sites from the second platinum data set, one site for the first platinum dataset and one each for the mercury and tungsten data sets, with an overall average figure of merit of 0.58 for data to 3Å resolution (0.46 for highest resolution shell). RESOLVE then traced 102 amino acid residues with a R-factor of 0.26 and assigned side chains for 12 residues in an -helix. The side-chain assignments of the 12 residues were correct and provided a starting point for manual model building, starting with assignment of the DNA duplex structure. The two Cys4-Zn clusters provided further landmark for the completion of the interior -strands. Table 1 .
